Abstract. From a study of 3 large half-sib families of cattle, we describe linkage between DNA polymorphisms on bovine chromosome 7 and meat tenderness. Quantitative trait loci (QTL) for Longissimus lumborum peak force (LLPF) and Semitendonosis adhesion (STADH) were located to this map of DNA markers, which includes the calpastatin (CAST) and lysyl oxidase (LOX) genes. The LLPF QTL has a maximum lodscore of 4.9 and allele substitution of approximately 0.80 of a phenotypic standard deviation, and the peak is located over the CAST gene. The STADH QTL has a maximum lodscore of 3.5 and an allele substitution of approximately 0.37 of a phenotypic standard deviation, and the peak is located over the LOX gene. This suggests 2 separate likelihood peaks on the chromosome. Further analyses of meat tenderness measures in the Longissimus lumborum, LLPF and LL compression (LLC), in which outlier individuals or kill groups are removed, demonstrate large shifts in the location of LLPF QTL, as well as confirming that there are indeed 2 QTL on bovine chromosome 7. We found that both QTL are reflected in both LLPF and LLC measurements, suggesting that both these components of tenderness, myofibrillar and connective tissue, are detected by both measurements in this muscle.
Introduction
The process of finding quantitative trait loci (QTL) for key livestock traits has matured such that results are now being confirmed and diagnostic DNA markers for traits are starting to be offered (e.g. Barendse 1997 Barendse , 2001 Page et al. 2002) . However, this maturity belies the difficulty of locating and then identifying the QTL, particularly when there are likely to be several QTL on a chromosome affecting the trait, and when the confirmation in independent studies, of the existence of the QTL, is lacking. In this study we report a detailed analysis of QTL for meat tenderness that illustrates some of the difficulties that can arise in trying to narrow down the location of a QTL in the shifting sands of genetic recombination.
The expression of beef tenderness is a function of many factors (reviews by Ferguson et al. 2001; Oddy et al. 2001) that include the genotype and production history of the animal, post-slaughter management of the carcass and the cooking conditions of the meat, which could increase the difficulty of locating the QTL accurately. Intrinsic attributes within muscle that have a considerable influence on meat tenderness are the rate and extent of post-mortem tenderisation, which is governed by the interaction between the proteolytic calpains and their inhibitor calpastatin, the degree of collagen crosslinking in connective tissue, some of which is related to age of the animal, and the sarcomere length, which can be affected by processing of the animal, such as occurs with cold shortening. The establishment of crosslinks within collagen is initiated by the enzyme lysyl oxidase (Kuypers and Kurth 1995) . Both of the enzymatic attributes can be quantified directly via biochemical assays or indirectly via the changes in the textural properties of the meat. Thus, tenderness can be measured in different ways, which could give different locations for QTL, and which could affect the location of QTL if there were several different QTL affecting meat tenderness on the same chromosome.
Initial studies (Chung et al. 1999; Lonergan et al. 1995; Palmer et al. 1997) of DNA variation at the calpastatin gene reported no association to meat tenderness, although it was well documented that differences in calpastatin activity at the same levels of calpain activity are related to meat tenderness (e.g. Koohmaraie 1996; Whipple et al. 1990 ). Here we report data locating QTL to bovine chromosome (Bta) 7 in the vicinity of the calpastatin (CAST) and lysyl oxidase (LOX) genes studied in 3 large half-sib pedigrees with cross-bred Charolais × Brahman sires. This breed cross was chosen because of the expected differences in meat tenderness between Charolais and Brahman. The data show the presence of 2 QTL for meat tenderness on the same chromosome. However, depending upon the analysis that is performed, the QTL are shifted towards the centromere of the chromosome, and we explore some of the limitations and ramifications of this for locating QTL.
Materials and methods

Cattle samples
For linkage mapping of QTL, the CBX samples described by Davis et al. (1998) were used. In short, there are 3 sire families of Charolais × Brahman bulls with a total of 599 offspring, 2 of the sires share a dam, and the dams are of the Belmont Red breed (AXBX Afrikander Hereford-Shorthorn Brahman Hereford-Shorthorn), all bred and raised at the Belmont Research station and then measured for at least 90 phenotypic traits. Not all animals have joint phenotypes and genotypes for all traits and all loci.
Blood was collected into EDTA tubes (Becton Dickinson, North Ryde, NSW, Australia) and processed to DNA using standard methods (e.g. Barendse et al. 1993 Barendse et al. , 2004 Maniatis et al. 1982) . DNA was diluted to about 50 ng/µL for the working stock and plated into a 96 well format.
Meat tenderness measurements
The cattle were transported to the Central Queensland abattoir near the Belmont Research station. The cattle were slaughtered in groups of 30-40 between 1992 and 1994. On the day after slaughter, a sample of the Longissimus lumborum (LL) and the Semitendonosis (ST) was removed and frozen at -20°C. The frozen samples were transported to the Food Science Australia Cannon Hill Laboratory for meat tenderness evaluation. The samples were thawed at 5°C for 48 h. The samples were trimmed of fat and epimysial tissue and reduced to a size of 250 g for cooking. The samples were then cooked for 1 h in an 80°C water bath. After cooking the samples were cut and prepared and the tenderness measurements of LL peak force (PF) and compression were obtained, and ST adhesion (ADH) and compression were made according to the procedures described by Bouton et al. (1971) and Bouton and Harris (1972) . A peak force measurement represents more the myofibrillar component of toughness (and therefore reflects changes owing to postmortem proteolysis), while the adhesion and compression measurements represent more the connective tissue toughness (and, therefore, reflects collagen cross-linking) (Kuypers and Kurth 1995) . The tests were performed by an Instron Universal Testing machine.
DNA polymorphisms
Eight DNA microsatellites and 2 single strand conformational polymorphisms were used for the linkage map of bovine chromosome 7. The gene order on the map, BM7160-RM012-RM006-LOX-CSSM029-BM1853-RASA-ILSTS006-CAST-INRA053, was taken from a combination of the published reference maps Kappes et al. 1997) . The primer sequences of these DNA markers are presented in Table 1 . Microsatellite genotypes were separated on an ABI 373A semi-automated DNA sequencer and the genotypes curated and scored using the Genescan and Genotyper software following the manufacturer's instructions (Applied Biosystems Inc., Foster City, CA) between 1994 and 1999. In addition to these microsatellites, a single nucleotide polymorphism for the calpastatin and for the lysyl oxidase gene was identified, the former in the 3′ untranslated region and the latter in the fifth intron. These were genotyped by single strand conformational analysis using polyacrylamide gel electrophoresis and autoradiography using published methods (Barendse et al. 1993; Orita et al. 1989) . Recombinants in the linkage map were visualised using crimap and close double recombinants were removed as erroneous. Distances were then calculated for this map and then used as input for the Animap program (Georges et al. 1995) .
Analysis between DNA polymorphisms and meat tenderness
For the linkage analysis, the phenotypes were pre-analysed so that a residual meat tenderness value could be analysed using a maximum likelihood approach. The model was: Trait = mean + contemporary group + sire + dam's selection line + dentition + age within contemporary group + sequence within contemporary group.
The contemporary group is a combination of cohort (year of birth), sex (steer or heifer), and slaughter group (6 for 1992, 9 for 1993, and 6 for 1994). Age was fitted within contemporary group since there was a range of about 40 days of age within each contemporary group. Initial analyses showed that the sequence of slaughter within a contemporary group was an important source of variation. After fitting the variables, those that were non-significant were removed from the model and residuals obtained for all individuals with records. They were then matched up with the genotype data for the QTL analyses. The analysis of the half-sib data was performed using the Animap program, which gives a maximum likelihood estimate of the linkage and is expressed as a lodscore.
As we found a QTL in more than 1 place on the chromosome, this offered us the opportunity to examine the linkage analysis from several different aspects, including alternative methods of analyses. We tried an alternative scheme for generating residuals as well as an alternative software for calculating maximum likelihood estimates of linkage. The alternative model was: Trait = mean + contemporary group + sire + dam's selection line + dentition + age within contemporary group + sequence × contemporary group.
The major difference is that age and sequence were treated as covariates and not nested as in the first model. The residuals were analysed using a version of the linkage analysis software by Kerr et al. (2005) . We restricted the re-analysis to the Longissimus lumborum data since we wished to view the impact within a specific tissue and so avoid the issues of precision of localisation in different tissues and different methods of measuring tenderness. We focused on Longissimus lumborum since it is much more valuable as a cut than the Semitendonosis, noting that the LL compression is not as good an estimator of connective tissue toughness as either ST compression or ST adhesion. The software of Kerr and Henshall provides output as a likelihood ratio not a lodscore and the threshold for significance was determined by simulation of 1000 replicates. In addition to using a different model for calculating residuals and for estimating maximum likelihood, the following alternative datasets were used. These are called V1, V2 and V3. V1 is where animals with LLPF greater than 2 standard deviations from the mean were removed, that is, those with LLPF >7.5 kg peak force, leaving a sample of 512. V2 is where 3 kill groups with anomalously high mean LLPF values were removed, leaving a sample of 486. V3 is a combination of V1 and V2, leaving a sample of 451 animals with joint phenotypic and genotypic data.
Results
The genetic linkage map was pter-BM7160-13-RM012-10-RM006-10-LOX-15-CSSM029-16-BM1853-6-RASA-9-ILSTS006-6-CAST-4-INRA053-qter with distances in Haldane centiMorgans (cM) for these genotypes.
Using the first model and the animap software, a QTL for LLPF was mapped to chromosome 7 with a maximum lodscore of 4.9 with a peak at the CAST3-A84G polymorphism (Fig. 1) . Only 1 of the pedigrees, family 3, shows segregation for the QTL. The size of effect calculated using this model indicates an allele substitution effect of 0.8 of a phenotypic standard deviation.
A QTL for STADH was also mapped to chromosome 7 with a maximum lodscore of 3.5 with a peak at the LOXE-A183T polymorphism (Fig. 1) , but this QTL does not overlap with the QTL for LLPF. Two of the 3 pedigrees appear to be segregating the QTL. The size of effect calculated using this model indicates an allele substitution effect of 0.36 of a phenotypic standard deviation. The ST compression data do not show a statistically significant association, but there is some evidence (data not shown) for segregation in family 1 only, not enough to be statistically significant.
The effects of removing some of the data are shown in Table 2 . Removal or control of the outliers within the LLPF dataset as defined above resulted in an improvement in the normality of the data but they were still significantly skewed. Removal of outliers had a slight effect on the mean LLPF for the sample, reduced the standard deviation, but had little effect on the distribution of LLC (Table 2) , which shows minimal departure from normality.
The alternative analysis shifts the location of the LLPF peak along the chromosome by about 40 cM, placing the peak between the LOX and CAST genes (Fig. 2) . However, removing the outliers, dataset V1, shifts the peak an QTL for beef tenderness additional 30 cM towards the centromere. This latter shift is also a shift from segregation found in family 3 to that found in family 1, i.e. not a QTL location shift but a QTL identity shift. Removal of some kill groups, dataset V2, shows the presence of 2 peaks in the likelihood ratio plot for LLPF (Fig. 2) , owing to information for both families 1 and 3 having an impact on the overall plot. The dataset V3, the combination of both forms of removal of outliers, is similar to that of V1, but with lower likelihood ratios. However, the alternative analysis for LLC shows an obvious difference to that of LLPF because there are always 2 peaks in the likelihood ratio plot for LLC along the chromosome, and interestingly, 1 of the peaks is re-centred over the CAST gene (Fig. 3) . With minor differences in peak height, the LRT plots for all of the linkage analyses shows 2 peaks, 1 centromeric to LOX and 1 over CAST, the 1 centromeric to LOX is for family 1 and the 1 near CAST is for family 3. The peak heights for LLC are lower than for LLPF, consistent with the lower values found for ST compression (see above).
Discussion
We found statistically significant evidence for 2 QTL affecting tenderness on bovine chromosome 7 at a threshold for whole genome studies (Lander and Kruglyak 1995) , with peaks near the LOX (STADH) and the CAST (LLPF) gene. Differences in protein activity for these genes and, more recently, DNA variation at 1 of these genes, has been reported to be associated with meat tenderness (e.g. Barendse 2001 ). The peak suggesting QTL near LOX is new, and the peak suggesting QTL near CAST contradicts some previous reports of a lack of association between CAST DNA polymorphisms and meat tenderness (Chung et al. 1999; Lonergan et al. 1995; Palmer et al. 1997) . Two related conference posters (Green et al. 1996a (Green et al. , 1996b at the same conference are the only other positive evidence of Genetic distance (cM) reported associations between CAST and meat tenderness, although these were only at α = 0.05 and so cannot be classed as evidence at the genome-level for a new linkage. The effects of data analysis, software and method of measuring tenderness on the location and number of QTL were profound. The peak of the likely location of the QTL for LLPF shifted by 40 cM along the chromosome merely by making a minor change to the method of calculating the residuals and by changing the exact method of calculating the maximum likelihood. This is cause for concern to all those who wish to use linkage mapping to locate QTL. These results show that performing a single kind of analysis may not be sufficient to get an accurate location. Not only should different methods and software be used, but different measurements of the trait should also be used to home in on the location of the QTL. A shift of 40 cM represents on average about 40 Mbp in mammals, which would contain literally hundreds of possible genes, many of which could then be candidates to contain causative mutations. Moreover, when methods disagree to this extent, choosing the better model of the 2 cannot be determined by argument but will require additional collection of data (see Barendse 2005) .
The number of QTL for LLPF also changed with different analyses, but these differences served to confirm that there were in fact more than 1 QTL on the chromosome. This can be most clearly seen when the evidence for the LLPF QTL shifted from 1 family to another, which coincided with a shift of the location of the QTL along the chromosome, and in the evidence for the LLC QTL, which showed 2 peaks irrespective of the analytical method.
These analyses show that extreme phenotypic values for 1 measure can obscure the impact of 1 of the 2 networks on meat tenderness. Compression tests are usually considered to measure the degree of meat toughness contributed by connective tissue, which is partly related to the degree of cross-linking in collagen. Peak force measurements are usually considered to measure the degree of meat toughness contributed by myofibrillar differences, usually ascribed to interaction between the overall extent of post-mortem myofibrillar shortening and proteolytic tenderisation. In this analysis, the LLC linkage analysis shows both families having an impact on meat tenderness, with the genetic basis located to different parts of the chromosome. The LLC LRT plots are similar to the LLPF LRT plots when the outlier slaughter groups are excluded, which may indicate that there is cross-talk in the measurement. The LLPF analyses were affected by the inclusion of the extreme values compared to the LLC analyses, since the LLPF analyses show large changes in the LRT plots depending on what dataset is used.
In this study, the families are large enough that each could identify the segregation of the QTL but studies with much smaller numbers of offspring per family would not be able to detect segregation of the QTL by themselves. In those studies, one would need to group like families together and assume heterogeneity between groups of families. But in this flawed approach how would one then discriminate between a real heterogeneity and an arbitrary choice of families? It would be an arbitrary choice that then allows the spurious finding of a QTL. Nevertheless, the overall LRT plot would suggest that the most likely location of the QTL had shifted significantly along the chromosome. By analysing 2 completely different measures of meat tenderness, different methods of analysis, and using large pedigrees, we have been able to simplify what would otherwise have been a complicated story of QTL locations.
